orangutans (Pongo pygmaeus).
Microtubule Polymerization: One
Step at a Time
The dynamic assembly of microtubules is a key factor in many of their functions in the cell and recent experiments give new insight into this process at the molecular level.
David Sept
Microtubules are essential players in the function of the cell. Together with actin filaments and intermediate filaments, they comprise the cytoskeleton in eukaryotic cells, and this group of polymers is collectively responsible for providing most of the structure and spatial organization in the cell. Microtubules are also involved in transport, migration and reorganization and have numerous dynamic roles, including movement via motor proteins such as kinesin and dynein, the beating of cilia and flagella, and the segregation and separation of chromosomes during cell division. One of the unique and more interesting features of microtubules is their polymerization behavior, and a paper from Schek et al. [1] published in this issue of Current Biology gives new insight into this fundamental process. In order to understand microtubule polymerization, it is useful to first present some details about the structure of these polymers. Microtubules are hollow cylinders of about 25 nm in diameter constructed from the protein tubulin. Heterodimers of a-and b-tubulin attach in a head-to-tail fashion to form polar protofilaments, and 13 of these protofilaments join together to form the closed tube ( Figure 1 ). Tubulin needs to bind GTP in order to polymerize, and hydrolysis of this bound nucleotide is an important factor in the growth and stability of microtubules (for reviews, see [2, 3] ). Unlike many other polymerizing systems, including actin filaments, microtubules undergo stochastic periods of growth and shrinkage known as dynamic instability [4] . As shown in Figure 2 , microtubules will grow regularly until reaching a catastrophe, a point at which they switch to rapid disassembly, followed by a rescue where they resume normal growth.
Although changing the polymerization conditions can modulate the rates of catastrophe and rescue [5] , both polymerizing and depolymerizing microtubules can be observed within a given population, indicating that this is an intrinsic property of the polymer. We do not fully understand the basis for this phenomenon, but we do know that it is linked to the hydrolysis of GTP and indeed the use of non-hydrolyzable analogs of GTP eliminates this behavior [6] . Structural studies have also shown that protofilaments of GTP-tubulin are straight, but they become curved when GTP is hydrolyzed into GDP [7, 8] . Based on these findings, it has been postulated that there must be a 'cap' of GTP-tubulin at the end of the microtubule that provides structural stability, and many mechanical-and chemical-based models have been built on this premise (reviewed in [2] ). The essential part of all of these models is that the loss of the GTP-tubulin cap through hydrolysis or subunit dissociation would cause the microtubule to become unstable and transition to disassembly through a catastrophe.
There are numerous factors that have made the in-depth study of microtubule polymerization very challenging: the cylindrical structure of microtubule, the presence of 13 protofilaments from which growth can occur, the relatively fast hydrolysis of GTP, and the intrinsic instability of these polymers, to name but a few. The advent of single-molecule studies was a significant advance in the cytoskeleton field and was able to provide detailed information about the mechanics and movement of both microtubule-and actin-based motor proteins. These same techniques are now being applied to the process of polymerization, and the combination of optical tweezers and clever microfabricated barriers is also providing novel insight into the process of microtubule growth. Unlike standard microscopy techniques that have well-established resolution limits, these optical tweezer studies can provide information at the molecular level [9, 10] . Now Schek et al. [1] take this one step further by improving upon the temporal resolution, taking measurements at rates more than 100 times faster than the typical video rates of other studies. This increase in time sampling reveals several features about the dynamics of microtubule ends. First, these authors find that assembly takes place predominantly via addition of a single subunit. This may not sound like a revolutionary finding, but previous work from Kerssemakers et al. [9] concluded that oligomers of three or more dimers could add to the end of a growing microtubule. The second revelation was that microtubules undergo periods of shortening, equivalent to loss of multiple layers of tubulin dimers, but that this depolymerization phase does not lead to a catastrophe and is quickly followed by re-growth of the polymer. This finding would suggest that the models proposing a small cap of GTP-tubulin or a strict coupling between hydrolysis and polymerization could not be entirely true, and GTP-tubulin may in fact exist farther away from the growing microtubule end. There are certainly other possible explanations, but more experiments will be needed.
So what are the implications of these results for microtubules within the cell? One of the more interesting observations when comparing microtubule dynamics in vitro and in vivo is that polymerization rates in the cell are about five-to tenfold faster than what is measured using purified tubulin [11] . These 'effective' rates within the cell are obviously averaging over a wide range of dynamics at the growing tip of the microtubule, including now the shortening excursions of several tubulin layers observed by Schek et al. [1] . If microtubule-associated proteins or some other factor in the cell could suppress these shortening excursions, this would increase the overall apparent polymerization rate and could provide a very simple explanation for the in vivo versus in vitro differences. Doublecortin appears to play a role much like this [12] , but more research on the effects of microtubule-associated proteins will be needed to further resolve this point. Apart from simple assembly dynamics, there has also been considerable research on a growing family of proteins, including CLIP-170, EB1, and XMAP215, that target and track the growing ends of microtubules [13] [14] [15] [16] , as well as the Dam1 complex that has been reported to form a ring around the microtubule and remains bound during depolymerization [17] . The specific structural or biochemical features that enhance the binding of these proteins to microtubule ends is still not entirely clear. It does appear that, in the case of proteins that target the growing tips, these proteins are not continually bound to the end, but instead bind and release during microtubule growth, giving the appearance that they are 'surfing'. The existence of an extended GTP-tubulin cap would provide a viable mechanism for localizing these interactions, and for maintaining this localization during polymerization, but more detailed studies will likewise be required to gain insight into this phenomenon.
Division of labour is the cornerstone of successful societies. A new study has shown that individual experience can produce long-lasting task specialisation in ants. This asks for a reappraisal of the role of individual learning in insect societies.
Patrizia D'Ettorre
How much can an individual insect, such as a small-brained ant, learn and remember, and what memories can it recall in future behaviours? How important is learning for the collective organisation of insect societies? We have a special term to describe the most advanced societies of ants, bees, wasps and termites: eusociality (from Greek eu-meaning 'well' or 'good'), the apex of animal social organisation [1] . In recent decades, a few other animals have been shown to approach the eusocial condition: some aphids and thrips, an ambrosia beetle, some shrimps and, among the vertebrates, two species of mole rat. However, colonies of social insects -particularly those of ants and honey bees -provide the most elaborate and diverse examples of highly developed eusocial organisation, and they remain the main model organisms for studying the evolution of cooperation and complex systems. The tremendous ecological success of social insects is largely based on the optimisation of one of the key organisational elements of complex societies: division of labour. Individuals specialise in specific tasks: queens reproduce, while workers deal with colony maintenance and brood care. The workers may be further split into castes, with some individuals working mainly inside the colony as nurses and others being foragers. How is this division of labour achieved? There is evidence that it is related to differences among individuals in the probabilities of engaging in a specific task [2] , because individuals may have different response thresholds to perform a given behaviour [3] , owing to age, morphology and genotype [4] .
The genetics of caste has been best studied in honeybee colonies, where queens typically mate with many males and thus workers occur in genetically distinct patrilines. Full sister patrilines have been shown to differ from their half sisters 'other patrilines' for a variety of tasks such as foraging [5] and nest thermoregulation [6] . Honey bee foragers have a higher expression than nurses of a gene dubbed foraging, which encodes a cGMP-activated protein kinase [7, 8] . Foraging behaviour in the harvester ant Pogonomyrmex barbatus is also associated with the expression of this gene, but here the gene is down-regulated in foragers [9] .
Although genetic variation can partly explain the basis of division of labour in some species, often
